In this work, we present a 3D-printed waveguide that provides effective electromagnetic guidance in the THz regime. The waveguide is printed using low-cost polycarbonate and a conventional fused deposition modeling printer. Light guidance in the hollow core is achieved through antiresonance, and it improves the energy effectively transported to the receiver compared to free space propagation. Our demonstration adds to the field of 3D-printed terahertz components, providing a low-cost way of guiding terahertz radiation.
MOTIVATION
THz spectroscopy grew significantly during the 1990s and is inexorably linked with the invention of the Terahertz TimeDomain Spectrometer (THz-TDS). Auston et al. in 1984 [1] demonstrated the generation of freely propagating broadband, single-cycle THz pulses from photoconductive antennas. These sources, in combination with pulsed lasers, directly led to the realization of the THz-TDS. This arrangement employs a synchronous detection scheme resembling a pump-probe setup with an inherent high signal-to-noise ratio, which allows for accurate measurements. Some notable characteristics of THz-TDS are that it gives a complete solution for measurements in the THz range, where the electric field in time is measured, and also frequency information can be obtained using a fast Fourier transform. The obtained spectrum range from a THz-TDS spans multiple octaves, usually from 50 GHz up to 3 THz. Due to the synchronous detection, THz-TDS allows pulses with energy below the black-body radiation to be measured, as thermal radiation will average to zero; thus high signalto-noise ratios can be achieved, equivalent to synchrotron sources [2] . Furthermore, rather than the intensity of the signal, transient electric fields are measured using THz-TDS, and thus the measurement can reveal unambiguously the complex permittivity of the investigated sample without having to use the KramersKronig relations [3, 4] . Waveguides for the terahertz regime could be used for microscopy, terahertz quantum-cascade lasers, and imaging [5] , but could also be useful in spectroscopy applications to replace complicated lens systems. Besides, data transmission systems in the THz range might benefit from a reliable waveguide signal delivery system. Terahertz waveguides and fibers allow for a terahertz pulse to be delivered to remote locations in environments that may be hostile or hazardous, and for efficient coupling between components such as emitters and detectors. THz waveguides have been demonstrated for industrial monitoring of chemical reactions by measuring ammonium chloride aerosol by-products [6] , for probing pharmaceuticals such as aspirin [7] , and for suggested uses in medical endoscopy of internal organs by utilizing flexible waveguides [8] .
To be able to use the terahertz part of the spectrum to transmit data as currently is done at microwave and optical frequencies, it is essential to be able to design and produce critical devices such as couplers, waveguides, lenses, and gratings [9, 10] . Since 2015, demonstrations have started to emerge of the fabrication of THz components via 3D printing, creating structures with macroscopic anisotropy owing to material filament widths of a similar order of scale to terahertz wavelengths [6, 11] . The development of a wide range of these components could allow for bespoke multicomponent THz systems to be printed as a single part.
A challenge in the design of a waveguide for the terahertz regime lies in the high material absorption for these frequencies [12] . One of the materials operating in this region is TOPAS, where at 1 THz the transmission loss is still over 2 dB/cm [12] . Hollow-core fibers have great potential in the terahertz regime, as the light mainly propagates in an air core, with a relatively low fraction of the field being confined in a solid material [12] . Different guiding mechanisms can be exploited for guidance in a hollow-core fiber [13, 14] . Two common single-material hollow-core fibers exploit guidance through the photonic bandgap (PBG) or use of antiresonances (AR) in the core surround [15] . Out of many ways to fabricate these waveguides, recent attention has been directed towards 3D printing. There are different types of 3D printing. Different polymer THz waveguides designs have been produced using a variety of 3D printing methods [5, 11, [16] [17] [18] . However, the designs of these waveguides require very small features, which can only be obtained with expensive laser-based 3D printing techniques. The cheaper 3D printing version, Fused Deposit Modeling (FDM) printing would not be able to produce such small details, since the smallest feature that can be printed is dependent on the nozzle size and is typically larger than the cone tip [16] . In this work, we demonstrate that an FDM printer can also be employed to produce a useful THz waveguide.
Jahn et al. [9] have designed and fabricated a focusing grating coupler for the terahertz regime using FDM 3D printing of a polystyrene filament. However, due to the design in this component, the beam is only focused in one direction, creating an oval shaped focal spot. A 3D-printed "quasi-Wollaston-prism" has been demonstrated for THz applications via the FDM printing method where macroscopic birefringence is produced via manufacturing a grid-like structure [17] . The component allows for two orthogonally polarized beams to be split, achieving a separation angle of 23°. They also demonstrated a 3D-printed THz q-plate [18] to generate cylindrical vector beams. Waveguides for the terahertz regime have also been manufactured using 3D printing, including hollow-core waveguides [19, 20] .
In this work, we design and fabricate a polymer hollow core waveguide that can be produced using any commercially available FDM printer. FDM printed waveguides could provide a quick solution for aligning and focusing terahertz waves, and also could be customized to each application due to the flexibility in the design and fabrication process. In this work, we have fabricated an AR waveguide for the terahertz regime, with a cladding design using half-elliptical cladding elements, that has recently been demonstrated able to minimize the required structural dimension for a desired value of loss [21] .
WAVEGUIDE DESIGN AND FABRICATION
In a hollow-core AR fiber, light is confined and guided in the air core by virtue of the resonant reflection provided by thin membranes that surround it and behave effectively as a Fabry-Perot cavity. The transmission properties of such a waveguide therefore depend on the thickness of these membranes and on the properties of the material of which they are made, specifically its refractive index. The transmission spectrum of such an AR waveguide consists of windows of high transmission and low loss (AR windows), separated by low transmission and high loss peaks at frequencies that are resonant within the membranes (see Fig. 1 ). The frequencies where resonance occurs can be calculated using
where c is the speed of light, n is the refractive index of the material the AR waveguide is made of, t the element thickness of the structure in the cladding, and m is an index annotating the different resonant frequencies. As our waveguides are fabricated using an FDM printer, the thickness of the membrane in the cladding depends on the nozzle size of the printer. For the printer available to us, the UP 2 Plus Printer from UP3D, the thickness of the membranes that can be produced is limited to multiples of 0.6 mm. We are using polycarbonate, of which the refractive index in the terahertz range is 1.6 [22] . A thickness of 0.6 mm fixes the position of the first four resonances at 0.2, 0.4, 0.6, 0.8 THz. A different nozzle would be required to print membranes of different thickness and shift the resonance peaks. The cladding design used in the waveguides reported in this paper consists of semi-elliptical membranes, which have been shown to offer low loss at optical frequencies [21] . We designed and fabricated three different waveguides, the parameters of which are shown in Table 1 .
Finite element simulations (using the commercial FEM solver COMSOL Multiphysics) were performed for each of the three designs to study theoretically their transmission characteristics. Loss in these waveguides is dominated by leakage since only a very small fraction of light, less than 0.1% at antiresonance, propagates in the solid material. The calculated loss spectra for each of these waveguides are shown in Fig. 2 . Design C has twice as many resonance peaks as designs A or B, since its membranes are twice as thick. Design A shows higher transmission losses because of its smaller core size: loss in these waveguides is found to scale approximately as λ 2 r 4 [23] . This can also be seen in Fig. 2 , as the loss decreases with increasing frequency. In waveguide B, there exists some frequencies (e.g., 0.36 THz) where the loss (0.009 dB/cm) is over 2500 times lower than the material loss [12, 15] , showing that the hollow-core waveguide can be effective in guiding THz radiation. The antiresonance in the waveguide design makes the waveguide suitable to guide certain frequency bands, and less suitable for frequencies where there is resonance. To achieve guidance at different frequencies, a different thickness of the cladding elements is needed to shift the resonance peaks. The loss at resonance frequencies can be higher than the bulk loss of the material the cladding is made of, as the loss is dependent on the structure of the cladding elements. It can be seen from Fig. 2 that design B combines the lowest transmission losses, and the broadest bandwidth. These three designs were manufactured out of polycarbonate using our 3D printing method. Polycarbonate is suitable as a material for the AR waveguide due to the low absorption of terahertz (of the order of 10s of dB/cm) compared to other polymers [12] , and is readily available as filament for an FDM printer. Although there are materials with lower absorption in the terahertz regime, for example Cytop and Zeonex [12] , no readily available printing filaments can be found to date for these materials.
EXPERIMENTAL SETUP AND RESULTS
To test the guidance and transmission of the three waveguides, the TDS setup in Fig. 3(a) is used. To ensure that the amount of input coupled light is similar for all measurements, the waveguides are held in the setup using a thin metal disk with an aperture in the center corresponding with the core size of the waveguides, as shown on the right in Fig. 3(b) . The terahertz emitter is Tera-SED from Laser Quantum GMBH, a GaAs photoconductive emitter that emits broadband terahertz waves up to 2.5 THz [24] . The detector used is a Menlo GMBH TERA8-1 photoconductive antenna [25] that has a bandwidth of up to 4 THz. Although the emitter and detector are active up to 2.5 THz and 4 THz, respectively, the spectroscopic bandwidth is limited by ambient noise and component alignment, with the latter having greater effect at higher frequencies. The resultant effective bandwidth over which useful spectroscopic data can be obtained is in the range of 0.1 THz to 1.0 THz. In the setup, we tried to minimize the distance between the waveguide and detector/emitter, so that at both ends of the waveguide we had about a 6 mm gap. All three waveguides are 8.7 cm in length, and the emitter and detector were not moved during the transmission measurement. In Fig. 3(c) a cross section of each design is shown.
For each waveguide, the transmission spectrum is measured using TDS. This measurement is repeated five times for each waveguide and is normalized using a reference scan. The reference scan is taken without a waveguide in place, while keeping the metallic disk aperture in the setup and the distance between the detector and emitter the same. The frequency domain data for these measurements is shown in Fig. 4 . The raw timedomain data can be found in [26] . The data from these transmission measurements is normalized to the measured loss without waveguide or aperture present in the setup (i.e., free space propagation). The results for the normalized transmission can be seen in Fig. 5 .
First of all, it can be seen that there are spectral regions where the normalized transmission is higher than 1, showing that the waveguides are guiding in the antiresonance regions. This means that for terahertz setups, a 3D-printed waveguide could provide a quick and cheap alternative to complicated lenses systems that are sensitive to alignment. Besides, for waveguide A and B, the measured spectral position of the resonances (dips in the transmission spectrum, where little light propagates) agree fairly well with the expected values (red lines). For waveguide C, where it is expected to have resonances at the same frequencies as well as additional resonances in between, the resonances are less apparent in the measurements. 
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We believe that this might be due to the way the double thickness layer is printed, which leads to significantly more deviations in the width of each cladding element, and possibly even air gaps in between the two adjacent layers. These air gaps could be affecting the transmission in the waveguide and also result in a change in the thickness of the cladding structure compared to the design, which will alter the antiresonance frequencies. For an effective AR 3D-printed waveguide, it would be better to adjust the nozzle size such that the required element thickness is achieved from a single pass of the printer.
To study the performance of the waveguide further, we performed a loss measurement on waveguide B, the best waveguide based on transmission performance, by measuring the transmission of waveguides 8.6, 6.6, and 3.9 cm long and fitting the results at each frequency. To maintain consistency during these measurements, we aligned all three waveguides using the metal plate as shown in Fig. 3(b) , and to avoid problems with the cutting of the waveguide, we printed three different lengths. We also took five measurements for each length of waveguide to reduce the effect of the difference in coupling for each attempt, although coupling can still be a cause for differences between the calculated and measured loss. The comparison between the calculated and measured loss can be seen in Fig. 5 . Two antiresonance windows can be clearly seen at roughly the expected spectral position, where the loss becomes approximately 10 times lower than the material bulk loss. Simulations of confinement loss would, however, predict considerably lower loss. One possible explanation for this discrepancy might be due to the light scattering from the 3D-printed surfaces, not accounted for in our simulations [27] . The surfaces of the tubes are considerably rougher in FDM-printed samples than for other 3D-printing methods, due to the layer thickness of 0.3 mm. Further research into how the surface could be smoothed using annealing or chemical methods could improve the transmission through this type of waveguide.
To use the waveguide for terahertz spectroscopy, it is also useful to know the spot radius of the output beam from the waveguide. To determine the output beam of the waveguide, a free space simulation is performed for the mode at the end of the waveguide [28] . The result of this simulation is compared with the beam profile measured 6 mm behind the waveguide using a knife-edge measurement. The knife-edge measurement is done with the same emitter and detector, but the beam after the knife-edge is focused on the detector using two lenses. The beam width is extracted from the measurements, and a corresponding Gaussian for the beam profile is calculated. It can be seen in Fig. 6 that the calculated and measured beams are very similar, with 15% deviation in the beam width. The discrepancy can be explained by the fitting of the Gaussian beam and the error function to the data. An error of roughly 10% existed in the calculation of the beam width, corresponding to a beam diameter of 9.2 0.9 mm. Although the beam is assumed to be Gaussian, there is probably a small deviation between a Gaussian beam and the output beam from the waveguide. Using this beam profile to calculate the mode propagation in free space, it can be seen from Fig. 6 that the beam is divergent. However, the simulated divergence angle is 3.4°, which is small enough to allow experiments to be conducted in the proximity of the waveguide tip without need of any further lenses. To obtain a collimated beam, a combination of lenses needs to be used. However, due to the increase in transmission, the 3D-printed AR waveguide could be beneficial to use for terahertz transmission.
CONCLUSIONS
In this work, we have demonstrated guidance in an AR 3D-printed waveguide using a cheap and simple FDM 3D printer with commercially available low-cost filaments (polycarbonate). Depending on the cladding design, a waveguide can be manufactured within 30 minutes, at low cost. At antiresonance, the transmission is up to 10 times higher through the waveguide than in free space, and with a loss 10 times lower than in the bulk material, showing terahertz guidance in the 3D-printed waveguide across a broad spectral range. This demonstrates how such a simple, cheap, and quickly manufacturable solution can be useful in practice. The guiding of the short AR waveguide (up to 10 cm) could be used in a variety of different tabletop terahertz spectroscopy setups instead of the lens system, which is currently needed to collimate and focus the terahertz beam. Because they are hollow fibers, they could also be used for gas spectroscopy with a species introduced in the fiber. To create longer waveguides, different commercial FDM printers could be utilized to increase the length that can be printed, or a preform could be printed and drawn down into a longer waveguide. Further improvements could be achieved by smoothing the 3D printed surface of the waveguide, for example by annealing and/or chemical treatment, and by using lower loss polymers such as TOPAS.
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